Individuals often eat calorically dense, highly palatable "comfort" foods during stress for stress relief. This article demonstrates that palatable food intake (limited intake of sucrose drink) reduces neuroendocrine, cardiovascular, and behavioral responses to stress in rats. Artificially sweetened (saccharin) drink reproduces the stress dampening, whereas oral intragastric gavage of sucrose is without effect. Together, these results suggest that the palatable/rewarding properties of sucrose are necessary and sufficient for stress dampening. In support of this finding, another type of natural reward (sexual activity) similarly reduces stress responses. Ibotenate lesions of the basolateral amygdala (BLA) prevent stress dampening by sucrose, suggesting that neural activity in the BLA is necessary for the effect. Moreover, sucrose intake increases mRNA and protein expression in the BLA for numerous genes linked with functional and/or structural plasticity. Lastly, stress dampening by sucrose is persistent, which is consistent with long-term changes in neural activity after synaptic remodeling. Thus, natural rewards, such as palatable foods, provide a general means of stress reduction, likely via structural and/or functional plasticity in the BLA. These findings provide a clearer understanding of the motivation for consuming palatable foods during times of stress and influence therapeutic strategies for the prevention and/or treatment of obesity and other stress-related disorders.
Individuals often eat calorically dense, highly palatable "comfort" foods during stress for stress relief. This article demonstrates that palatable food intake (limited intake of sucrose drink) reduces neuroendocrine, cardiovascular, and behavioral responses to stress in rats. Artificially sweetened (saccharin) drink reproduces the stress dampening, whereas oral intragastric gavage of sucrose is without effect. Together, these results suggest that the palatable/rewarding properties of sucrose are necessary and sufficient for stress dampening. In support of this finding, another type of natural reward (sexual activity) similarly reduces stress responses. Ibotenate lesions of the basolateral amygdala (BLA) prevent stress dampening by sucrose, suggesting that neural activity in the BLA is necessary for the effect. Moreover, sucrose intake increases mRNA and protein expression in the BLA for numerous genes linked with functional and/or structural plasticity. Lastly, stress dampening by sucrose is persistent, which is consistent with long-term changes in neural activity after synaptic remodeling. Thus, natural rewards, such as palatable foods, provide a general means of stress reduction, likely via structural and/or functional plasticity in the BLA. These findings provide a clearer understanding of the motivation for consuming palatable foods during times of stress and influence therapeutic strategies for the prevention and/or treatment of obesity and other stress-related disorders.
corticosterone | anxiety-related behavior | synaptophysin | cAMP response element-binding protein | calcium/calmodulin-dependent protein kinase T he obesity epidemic is fueled by the easy availability of palatable, calorically dense foods amid an ever-escalating level of daily stress (1) (2) (3) . Humans and rodents increase palatable food consumption when stressed (3) (4) (5) (6) , and the term "comfort food" is commonly used to signify possible stress-dampening properties of certain foods (particularly calorically dense foods containing high amounts of carbohydrates and/or fats). Indeed, comfort food intake in humans is linked with improved emotional states (7), and a high-carbohydrate diet is associated with reduced resting and stress-evoked cortisol levels (8) (9) (10) (11) .
Stress (a real or perceived threat to homeostasis or well-being) typically evokes both physiological and emotional responses (reviewed in ref. 12 ). The physiological responses include activation of the hypothalamic-pituitary-adrenocortical (HPA) axis and the sympathetic branch of the autonomic nervous system. Activation of the sympathetic nervous system has numerous effects, including increases in heart rate and blood pressure. Activation of the HPA axis results in elevations in circulating adrenocorticotropic hormone (ACTH) and glucocorticoids (e.g., cortisol in humans and corticosterone in rats). Glucocorticoids have widespread action on numerous physiological processes, including mobilization of stored energy and maintenance of vascular tone. Perceived stressors also engage emotional responses, recruiting fear, anxiety, and defense-related neurocircuitry to trigger context-appropriate behavioral responses. In toto, the stress response produces a new physiological and emotional state designed to optimize survival in the face of real or perceived adversity.
The mechanism providing stress buffering by comfort foods (6, 13) likely resides at the interface among stress, reward, and/or metabolic circuitry in the brain. We now demonstrate that rewarding properties of palatable foods can effectively buffer all major physiological and behavioral responses to stress, and we identify key neural circuits underlying the comfort food effect. Identification of these neural circuits provides potential strategies for intervening to prevent or curtail increasing rates of obesity and other metabolic disorders.
Results

Rewarding Properties of Palatable Food Dampen Collective Stress
Responses. Rats given brief access to a small amount of palatable sucrose solution significantly reduce ACTH (Fig. 1A ) and corticosterone ( Fig. S1 ) secretion in response to an acute stress relative to controls that are given equivalent access to standard drinking water. Importantly, over the 2-wk, twice-daily sucrose-exposure regimen, rats consume ∼10% of their daily calories as sucrose (Fig. 1A) and compensate by reducing their intake of chow (Fig.  1B) , thus maintaining normal caloric intake and body weight (Fig. S2) . To determine whether the sweet taste per se is sufficient to reduce the subsequent response to restraint stress, another group of rats received twice-daily exposure to saccharin instead of sucrose. The saccharin-fed rats drank the sweetened drink in amounts approaching that of the sucrose-fed rats, but they did not reduce their chow intake, such that their caloric intake and body weight were the same as in the other groups ( Fig. 1 A and B and Fig. S2 ). Saccharin-fed rats, like sucrose-fed rats, had attenuated HPA axis responses to acute stress (Fig. 1C) , suggesting that the hedonic/rewarding properties of the "desserts" are sufficient to blunt the HPA axis response to stress. The plasma ACTH response was reduced by both sucrose and saccharin, whereas the plasma corticosterone response was reduced by sucrose and not saccharin ( Fig. 1C and Fig. S1 ). Dissociations between circulatingACTH by palatable foods; however, palatable drink did not alter adrenal responsivity (Fig. S3) , which suggests that the dissociation is likely because of (i) the timing of sample collection relative to the peak ACTH and corticosterone responses and/or (ii) differences between immunoreactive and bioactive ACTH (14, 15) . Nonetheless, the present results demonstrate that, in this model, saccharin is sufficient to produce HPA axis dampening. Moreover, attenuation of the plasma corticosterone response to restraint by sucrose and saccharin is associated with reductions in corticotropin-releasing hormone mRNA expression in the hypothalamic paraventricular nucleus (13) , suggesting, at least in part, a central site of action for palatable drink. Lastly, intragastric gavage of the same amount and schedule of sucrose did not reduce the plasma corticosterone response to stress (Fig. 1D and Fig. S4 ), providing further evidence that it is the hedonic, rather than the caloric, properties of palatable desserts that are sufficient for HPA axis dampening.
We next sought to determine whether other pleasurable/rewarding experiences similarly blunt stress responses. Sexually naïve male rats were given brief access to a sexually receptive female rat daily for 2 wk, over which period they rapidly learned to engage in sexual behavior (Fig. 1E ). When these rats were given a subsequent restraint stress challenge, they too had a significantly blunted increase of plasma corticosterone ( Fig. 1F and Fig. S5 ). These results suggest that HPA axis dampening by natural reward is a general phenomenon.
We next asked whether other responses to stress are similarly blunted. After 2 wk on the sucrose-dessert paradigm, rats significantly reduced restraint-induced tachycardia relative to controls ( Fig. 2A) . Analysis of heart rate variability in the frequency domain revealed preferential decreases in the low-frequency component (an index of sympathetic activity; Fig. 2A ) in sucrose-fed rats, suggesting that the reduced tachycardia was primarily attributable to reduced sympathetic drive (as opposed to increased parasympathetic drive).
We then asked whether a history of consuming sucrose influences stress-related behaviors. When placed with an unfamiliar conspecific, sucrose-fed rats interacted more than controls did (Fig. 2B) , which is suggestive of reduced behavioral anxiety (16) . In an open-field test, sucrose-fed rats exhibited increased stretchattend postures and sniffing, exploratory behaviors that negatively correlate with anxiety (17, 18; Fig. 2C ) (general locomotion was not affected). Finally, in the elevated plus-maze test (Fig. 2D) , ethological indices of exploratory behavior [e.g., time spent exploring the far end of open arms, time spent dipping head over edge to look down (19) ] were increased in sucrose-fed rats, again with no effect on total locomotion. Collectively, these results demonstrate that a history of brief hedonically pleasurable events decreases neuroendocrine, sympathetic, and behavioral anxietylike responses to stress.
Basolateral Amygdala (BLA) Is Necessary for Stress Dampening. Because the hedonic/rewarding properties of sucrose, saccharin, or sex appear sufficient to dampen subsequent stress responses, we hypothesized that brain reward regions, such as the BLA, are likely to mediate these effects. Neuronal activity in the amygdala, including the BLA, is altered in humans and other animals while they are engaging in pleasurable behaviors, including eating ap- petizing foods (20) (21) (22) (23) . The amygdala is also activated in humans and other animals during stress (24, 25) , and the BLA subregion is implicated in neuroendocrine and behavioral stress responses (26) (27) (28) . We therefore asked whether neural activity in the BLA is necessary for the stress-blunting effect. Rats with bilateral ibotenate lesions of the BLA went through the 2-wk sucrose paradigm and subsequent stress challenge. Control rats that received vehicle into the BLA, and rats in which the ibotenate lesions missed the BLA (Fig. 3C) , had an attenuated plasma corticosterone response to stress (Fig. 3 A and B) , as expected. In contrast, sucrose-fed rats with confirmed bilateral lesions of the BLA (Fig.  3C ) had a normal corticosterone response to stress (Fig. 3 A and B, and Fig. S6 ), despite an equivalent intake of sucrose over the 2-wk paradigm (Fig. S7 ), indicating that neural activity within the BLA is necessary for the HPA-dampening effect.
Palatable Food Induces Structural Plasticity in the BLA. To determine potential molecular mediators within the BLA, an mRNA expression profile was performed on BLA tissue from rats with a history of the sucrose-dessert paradigm or on water-drinking controls. The microarray analysis identified 145 genes within the BLA whose mRNA expression was altered by sucrose exposure. Functional clustering analysis determined that these genes were significantly enriched in several biological pathways (Table S1) 2) . The identification of these biological pathways suggests that structural plasticity may be occurring in the BLA, leading us to assess potential synaptic alterations in the BLA of rats after a history of consuming intermittent sucrose. Sucrose increased phosphorylated CREB (pCREB) and phosphorylated CamKIIα (pCamKIIα) immunoreactivity [postsynaptic indices associated with synaptic strengthening and remodeling (29-32)] and synaptophysin terminal densities in the BLA [presynaptic index of structural plasticity (33, 34)] (Fig. 4 B, C, and D and Fig. S8 ). Because increased structural plasticity can produce prolonged alterations in neural circuits (33, 35, 36) , the BLA synaptic remodeling elicited by rewards (e.g., consumption of sucrose) may be expected to result in prolonged dampening of stress responses. To test this prediction, rats were given a restraint stress challenge at 1, 2, 3, or 7 d after 2 wk of consuming sucrose dessert or water. The plasma corticosterone response to restraint (Fig. 4E) was attenuated by sucrose in all groups, indicating that there is a prolonged dampening of stress responses (i.e., at least 7 d) that is likely mediated, at least in part, by structural plasticity in the BLA.
Discussion
Collectively, the present data demonstrate that the hedonic/ rewarding properties of palatable foods have stress-buffering actions across numerous effector pathways (neuroendocrine, behavioral, and sympathetic nervous system). Stress-buffering actions of palatable foods can be mimicked by other types of naturally pleasurable activities (e.g., sexual activity). The data are consistent with a general stress-buffering role mediated by central reward circuitry. Moreover, components of reward circuitry, in particular the BLA, are critical for the stress-relieving properties of palatable foods. Stress buffering appears to be mediated by reward-induced structural plasticity in the BLA, triggered by long-term activation of the CamKIIα and CREB signaling pathways.
BLA Regulation of Stress Responses. The BLA plays a complex role in stress regulation. The BLA appears to promote anxiety-related behaviors as well as sympathetic activation (37, 38) . However, BLA lesion and inactivation studies have produced inconsistent effects on HPA regulation, showing either no effect or increased or decreased HPA activity (26, 37) . Similarly, in the present studies, BLA lesion did not itself alter HPA activation in waterdrinking rats (Fig. S6) . Collectively, this work suggests that BLA output may have both HPA excitatory and inhibitory components. Previous experiences may produce a differential weighting of these opposing BLA components. For example, chronic stress may promote the BLA's stress excitatory output(s), whereas natural reward may promote the BLA's stress inhibitory output(s). In this manner, the BLA may be positioned as an interface that specifically relates information regarding previous emotionally salient experiences to the stress system.
The structure and anatomical connectivity of the BLA is ideally suited for subserving these dual stress-regulatory roles. The majority of BLA neurons (∼85%) are glutamatergic projection neurons, complemented by a variety of inhibitory interneurons that tonically inhibit projection neuron activity (39, 40) . A history of natural reward could alter the excitability of the BLA via changing the level of interneuronal inhibition (27) . Moreover, the BLA projection neurons innervate numerous stress-regulatory sites, including regions that are considered stress-excitatory (e.g., anteroventral bed nucleus of the stria terminalis, infralimbic cortex, medial amygdala) and stress-inhibitory (e.g., prelimbic cortex, hippocampus, lateral septum) (12, (41) (42) (43) (44) . Thus, natural rewards may inhibit stress responses via (i) preferentially increasing the glutamatergic BLA output to inhibitory stress-regulatory sites and/or (ii) preferentially decreasing glutamatergic BLA output to excitatory stress-regulatory sites. Importantly, synaptic remodeling provides an ideal mechanism to produce this type of preferential weighting by previous experiences. BLA plasticity can occur at both excitatory and inhibitory synapses (45) (46) (47) and is linked to altered function (48, 49) . Moreover, some of the plasticity-related genes affected by sucrose are linked with synaptic remodeling at both excitatory and inhibitory synapses (e.g., NMDA receptor, CamKII) (50, 51) , suggesting that multiple types of synaptic remodeling may be occurring after palatable food intake.
Role of Metabolic Versus Nonmetabolic Properties of Palatable
Foods. Highly palatable comfort foods have multiple attributes that can be crudely divided into two categories: metabolic properties (e.g., calories and macronutrient composition) and nonmetabolic properties (e.g., taste, hedonics, and reward). Previous work indicates that consuming large amounts of palatable foods (sucrose and lard) reduces stress responses, which may be associated with the metabolic properties (6, 52, 53 ). The present work shows that much smaller amounts of palatable foods also produce stress relief, mediated by rewarding properties acting on the BLA. Collectively, this work suggests that pleasurable behaviors (including consuming small amounts of sucrose or saccharin or engaging in sexual activity) may dampen stress via actions on brain reward circuitry. In contrast, when large amounts of palatable foods are consumed, the metabolic properties of the foods may provide additional stress relief, perhaps via actions on fat stores, brain metabolic circuitry, and/or the additional reward value provided by food macronutrients (52) (53) (54) (55) (56) .
Physiological Relevance. The presently described stress dampening by limited palatable food intake is likely of significant physiological relevance. Palatable drink decreased anxiety-related behaviors in multiple behavior tests, with effect sizes similar to those seen after other anxiolytic interventions (19) , which is consistent with a meaningful effect on responses to anxiety-provoking stimuli. For the HPA axis and autonomic systems, palatable drink consistently reduced the response to stress by ≈10-20%. This attenuation seems relatively modest; however, it likely provides a cumulative physiological impact over long periods of time. Prolonged, subtle changes in HPA axis tone are associated with diminished bone density and cognitive function (57, 58) . Similarly, relative modest changes in cardiovascular and/or autonomic function over long periods of time can have pronounced physiological consequences [e.g., borderline hypertension increases risk for cardiovascular disease and organ damage (59) , and modest changes in heart rate variability after myocardial infarction significantly increase mortality (60)]. Thus, the cumulative stressdampening effects of palatable foods on the behavioral, neuroendocrine, and autonomic systems can provide considerable stress-relieving effects throughout an individual's lifetime. Lastly, although "self-medication" by consumption of highly palatable, calorically dense comfort foods clearly decreases collective stress responses, reductions can also be achieved by engaging in other naturally rewarding behaviors. The ability to engage reward systems in the face of stress may be exploited as a means to diminish the contribution of life stress to the obesity epidemic and other stress-related disorders.
Materials and Methods
Additional methodological details are provided in SI Materials and Methods.
Animals. Adult male Long-Evans rats (∼225-350 g body weight at start of experiments) were supplied by either Harlan Labs or Charles River. All procedures were approved by the University of Cincinnati Animal Care and Use Committee.
Palatable Drink Paradigm. Rats (n = 12-15 per group) with free access to water and normal chow were given additional access twice daily (at ≈09:00 and 15:00 h) to 4 mL of sucrose (30%; Sigma-Aldrich), the noncaloric sweetener sodium saccharin (0.1%; Sigma-Aldrich), or water, and the volume consumed was recorded. Body weight and chow intake were also monitored. In this paradigm, sucrose does not affect body weight gain or the weights of any individual fat depots (13) . In one experiment, 4 mL of sucrose or water was administered to rats (n = 10-13 per group) via oral intragastric gavage twice daily to determine whether the caloric and other postingestive consequences of sucrose were sufficient to mediate stress dampening.
Restraint Stress and Plasma Hormone Measurement. On the morning (0800 hours) after completion of the palatable drink paradigm (day 15), rats did not receive their respective drink solutions and were given a novel 20-min restraint stress challenge with assessment of plasma ACTH and corticosterone levels by RIA.
Sexual Activity Paradigm. Sexually naïve male rats (n = 10-16 per group) were given once-daily brief (30 min) access to a sexually receptive female in their home cage for 14 d at 2 h before lights-on, and subsequent sexually activity was monitored under red light. Control rats either received no female rat into their cage, or received "sham sex" in which male rats received a female rat that was confined inside a small wire mesh box to prevent sexual interactions. On day 15, at 0-4 h before lights-on, all of the male rats were given a novel restraint stress challenge with blood collection as described above. The sexually receptive female rats were prepared as described in the SI Materials and Methods.
Telemetric Recording of Cardiovascular Parameters. Rats (n = 11 per group) were anesthetized with isofluorane and implanted with telemetric devices (PA-C20; Data Sciences International) to measure physiological variables (e.g., blood pressure, heart rate).
Behavioral Assessments. Rats (n = 12 per group) were given 14 d of limited, intermittent sucrose drink (vs. water-drinking controls) as described above. On the morning of day 15, rats were given a standard social-interaction test. Additional rats (n = 10-11 per group) were also given limited, intermittent sucrose 
